Although endothelium-derived relaxing factor (EDRF) has been studied extensively in large vessels, little is known about its role in the preglomerular afferent arteriole (Af-Art). We
Introduction
In 1980, Furchgott and Zawadzki (1) described the obligatory role of the endothelium in acetylcholine-induced relaxation of the arterial smooth muscle, suggesting the existence ofendothelium-derived relaxing factor (EDRF).' Since then, EDRF has been studied extensively in large vessels, and it has been shown that inhibition of EDRF or removal of the endothelium aug-1. Abbreviations used in this paper: AII, angiotensin II; EDRF, endothelium-derived relaxing factor; LMMA, Nw-monomethyl-L-arginine; NArg, Nw-nitro-L-arginine. ments the action of various vasoconstrictors (2) (3) (4) . However, to our knowledge, the role of EDRF in the control of preglomerular afferent arteriolar resistance has not been studied directly. Since the afferent arteriole is not only a small resistance vessel (-20 ,um in diameter), but also a major component which regulates kidney function, it would be important to understand the action of EDRF in this vessel.
We have recently established an in vitro preparation consisting of a microperfused rabbit afferent arteriole with its glomerulus intact (Fig. 1) . We found that in this preparation, angiotensin II (All), a potent constrictor of the afferent arteriole (5) (6) (7) (8) , caused only a transient decrease in the luminal diameter, which diminished within 1 min despite the presence ofAll (9) .
Furthermore, repeated applications of All caused much weaker (though still transient) constriction compared with the first application (tachyphylaxis).
All is well known to cause tachyphylaxis in many in vitro preparations (10-13); however, the underlying mechanism is not well understood. It has been shown that a plasma fraction rich in angiotensinase reverses All tachyphylaxis (10). It is thought that this reversal is due to degradation of receptorbound All, which in turn causes conformational changes ofthe receptor-AII complex and thereby facilitates dissociation. Thus it has been suggested that long lasting receptor occupancy may be responsible for All tachyphylaxis. Other studies suggest that prostaglandin biosynthesis may be involved (11, 12) .
In this study, we tested the hypothesis that the transient nature of the AII-induced constriction in our preparation is due to production of EDRF, while the tachyphylaxis is due to long lasting receptor occupancy by All. For this purpose, we studied whether inhibition of either EDRF or prostaglandin biosynthesis and/or treating arterioles with kidney homogenate (which is rich in angiotensinase) alters the response to All.
Methods

Isolation and microperfusion ofan afferent arteriole
We used a method similar to that described in our previous papers to isolate the afferent arterioles (14) (15) (16) . Briefly, young male New Zealand white rabbits (1.0-1.2 kg), fed standard rabbit chow (Ralston Purina Co., St. Louis, MO) and tap water ad libitum, were anesthetized with intravenous sodium pentobarbital (40 mg/kg) and given an intravenous injection of heparin (500 U). The aorta was catheterized below the renal arteries and clamped with a hemostat above the kidneys. The kidneys were perfused with cold medium 199 (Gibco Laboratories, Grand Island, NY) containing 5% BSA (Sigma Chemical Co., St. Louis, MO), then removed and sliced along the corticomedullary axis.
Slices were placed in ice-cold medium 199 containing 5% BSA (medium 199-5%BSA) and microdissected under a stereomicroscope (SZH; Olympus Corp., Overland Park, KA) at magnifications up to 100, using thin steel needles and sharpened forceps (No. 5, Dumont; Fine Science Tools, Inc., Belmont, CA).
From each rabbit, a single superficial afferent arteriole was microdissected as follows. An intralobular artery was localized and gently pulled out of the slice together with the adhering tubular element. Tubular fragments were gently stripped off, taking care to avoid distortion of the arteriole and glomerulus or touching them with the forceps or needle. Once an appropriate arteriole was obtained, it was severed from the interlobular artery by cutting it with a mini-blade (George Tieman & Co., Plainview, NY). We found that it is important to make the cut only once and precisely at a right angle to the afferent arteriole (900) if subsequent cannulation is to be successful. Using a micropipette, the arteriole was transferred to a temperature-regulated chamber mounted on the stage of an inverted microscope (IMT-2; Olympus Corp.).
The method of cannulation of the afferent arteriole was described previously (16, 17) . Fig. 1 shows a microperfused afferent arteriole with its glomerulus intact. The afferent arteriole was drawn into the holding pipette that had a constriction (internal diameter, 14 jm). The tip of the perfusion pipette (internal diameter, 8 Mm) was advanced into the lumen and perfusion was begun. Then, the pressure pipette (outerdiameter at the tip, -2-3 Mm), which was filled with NaCI solution containing 5% FD&C green and 4% KCI (pH 7; 300 mosmol/kg), was advanced into the arteriole through the opening of the perfusion pipette. The pressure pipette was observed under the microscope during application of various internal pressures. The pressure at which neither the colored solution flowed into the arteriole nor the intraluminal fluid into the pressure pipette was taken as being equal to the pressure in the afferent arteriole. This method, known as Landis technique, was used because it has been reported that pressure measurement by a servo-null system is not accurate with this arrangement of pipettes (17). To facilitate exchange of the arteriolar perfusate, an exchange pipette was laid between the pressure and perfusion pipettes so that its tip was positioned near that of the perfusion pipette. Through this exchange pipette, the perfusion solution could readily be introduced into the perfusion pipette, and, if desired, the composition of the perfusate could easily be changed. The perfusate was oxygenated medium 199-5%BSA, and perfusion pressure was maintained at 60 mmHg throughout the experiment. The driving force ofthe perfusate was provided by a pressurized tank of95% 02 and 5% CO2 attached to the proximal end ofthe perfusion pipette. An air regulator positioned between the tank and the perfusion pipette was manipulated to control the intraluminal pressure at 60 mmHg as measured with the pressure pipette.
The bath was identical to the arteriolar perfusate and exchanged continuously. Microdissection and cannulation ofthe afferent arteriole were completed within 90 min at 80C, after which the temperature of the bath was gradually raised to 370C for the rest of the experiment. Once it had stabilized, a 30-min equilibration period was allowed before taking any measurements. When the temperature reached about 360C, the arteriole exhibited spontaneous cyclic contractions which disappeared during the equilibration period, allowing us to measure the stable luminal diameter. Images ofthe afferent arteriole were displayed at magnifications up to 1,980 and recorded with a video system consisting of a camera adaptor with a 3.3x photo-eyepiece, black and white charge-coupled device camera (NC 70; Dage-MTI, Inc., Michigan, IN), monitor (BWM 112; Javelin Electronics Inc., Torrance, CA), and video recorder (EDV-9500; Sony). The diameter at the most constricted point was measured with an image-analysis system (Fryer, Carpentersville, IL).
Experimental protocol 1. Response to AII. After the 30-min equilibration period, continuous bath exchange was stopped, and the entire bath was gently aspirated and replaced with I ml ofwarm medium containing All (Sigma Chemical Co.) at 10-8, 10-7, or 10-6 M. Bath exchange was immediately resumed using medium containing the same concentration of All and the arteriole observed for 3 min. The arteriole was washed with plain medium 199-5%BSA for 10 min, after which the same concentration of AII was repeated. The diameter was measured before each application of All and 5 s, 1, and 3 min afterward. Because of the possibility of tachyphylaxis, we tested only a single concentration with a given arteriole.
2. Pretreatment with saralasin. To assure specificity of the response to All, we examined the effect of saralasin (Sigma Chemical Co.), an antagonist of All, on All-induced vasoconstriction. After the equilibration period, the bath was exchanged continuously with medium containing 10-' M saralasin. 3 min later, the effect of All (l0-7 M) was tested in the presence of saralasin.
3. Pretreatment with cyclooxygenase inhibitor. Indomethacin (Sigma Chemical Co.), a cyclooxygenase inhibitor, was dissolved in saline containing 1. 15 mg/ml ofsodium carbonate at a final concentra- Figure 1 Milan YA, tion of 3.57 mg/mi. The rabbit received an intravenous injection of indomethacin (5 mg/kg) I h before the kidney was removed. In addition, indomethacin was added to the bath and arteriolar perfusate at a final concentration of 5 Mg/ml from the equilibration period to the end of the experiment. The effect of All (10-7 M) was examined as described in protocol 1. This dose of indomethacin has been reported to block the effect of arachidonic acid (IO-' M) in rabbit afferent arterioles (15).
4. Inhibition of EDRF synthesis. After the equilibration period, NW-nitro-L-arginine (N-Arg; Sigma Chemical Co.), a compound that inhibits synthesis of nitric oxide (an EDRF) (18, 19) , was added to the bath and arteriolar perfusate at 1o-4 M. 15 min later, IO`-M All was tested three times in the presence of N-Arg. At the end of the experiments, we confirmed that acetylcholine (10 1AM) did not dilate arterioles preconstricted with norepinephrine (5 X 10-' M); the diameter decreased with norepinephrine to 38±6.2% of the control level and remained unchanged after the addition of acetylcholine (32±6.5%; n = 14, P > 0.5). We also confirmed that in nonpretreated arterioles, norepinephrine decreased luminal diameter to 44±9.6% ofthe control level (n = 6), which was reversed to 95±2.7% by acetylcholine.
Since N-Arg not only rendered All-induced constriction persistent but also reduced the basal arteriolar diameter (see Results), we tested whether N-Arg affected the action ofAll by increasing the basal tone of the arteriole. The experimental design was the same as above except that IO-' M norepinephrine (Sigma Chemical Co.) was used instead of N-Arg.
5. Kidney homogenate. The arteriole was twice exposed to All at I0`M as described in protocol 1. The same arteriole was then washed continuously with medium containing either kidney homogenate or 1% saline (vehicle of the kidney homogenate) for 10 min, after which l0-7 M All was tested for the third time. To prepare the kidney homogenate, after flushing the kidney free of blood, 5 g of the renal cortex was excised and homogenized in 10 ml of saline. The homogenate was centrifuged at 4°C (3,000 g) and the supernatant diluted lOOx with medium 199-5%BSA before use.
6. Kidney homogenate combined with inhibition ofEDRF synthesis. The experimental design was identical to protocol 5 except that the arteriole was pretreated with N-Arg ( 10-4 M) as described in protocol 4.
Statistics
Values were expressed as mean+SEM, and all statistical analyses were done using absolute values. A paired t test was used to examine whether the diameter at a given time was different from the control value (time 0) or whether the change in diameter at a given time was different between applications. A two-sample t test was used to examine whether the change in diameter at a given time was different between groups. Repeated measures analysis of variance was used to test overall differences between groups. P < 0.05 was considered significant.
Results
1. Response to AIL Luminal diameter was 16.4±0.7 gm (n = 23) before the first application of All and 16.6±0.7 ,m before the second application, showing that the basal diameter was stable. Fig. 2 shows an example of arteriolar response to All at 10-6 M and for comparison, norepinephrine-induced vasoconstriction. At 5 s after All, the afferent arteriole was constricted in three segments, with the strongest being closest to the glomerulus. However, constriction soon waned, with the diameter returning to control levels by 1 min despite the presence of All in the bath. In contrast, norepinephrine at 10-6 M caused constriction of the entire afferent arteriole which persisted for 3 min.
Of 23 afferent arterioles studied for 108, 10-7, and 10-6 M All, in 6 All-induced constriction was seen almost exclusively within 50 ,um from the vascular pole of the glomerulus, in 11 there were two or three segmental constrictions, with the strongest being closest to the glomerulus, and in the remaining 6 constriction was uniform along the arteriole. It seems that the site or pattern ofthe constriction was not different according to the concentration of All. iole. All at 10-8 (n = 8), 10' (n = 9), or 106 M (n = 6) was applied twice with a 10-min washout period in between. Note that with l0-7 or 10-6 M All, constriction waned, and it was markedly attenuated with the second application. +, ++ = P < 0.05 and 0.002, respectively, compared with 5 s; * ** = P < 0.05 and 0.01, respectively, for the first versus second application.
and the second application caused a weaker constriction; however, these differences were not statistically significant. At the concentration of l0-7 or 10-6 M, the first application decreased luminal diameter by 49±7.0% (n = 9; P < 0.0001) or 50±10.9% (n = 6; P < 0.01), respectively. The constriction waned significantly, with the diameter returning toward control levels within 1 min, and the second application caused a significantly lesser effect compared with the first application. The higher the concentration employed, the more evident became both the transient nature of the constriction and the tachyphylaxis. combined for the nontreated group, as were data from protocols 4 and 6 for the N-Arg-treated group, since the experimental design was the same as for the first application.) In the nontreated group, luminal diameter decreased by 54±5.2% at 5 s after All application (P < 0.0001; n = 20); however, constriction then waned, with the decrease in diameter from time 0 becoming 20±3.4 and 1 1 ± 1.9% at 1 and 3 min, respectively. In the N-Arg-treated group, the diameter decreased by 86±5.8% at 5 s (n = 14; P < 0.0001). The arterioles stayed constricted thereafter, with the decrease in diameter from time 0 being 82±6.9 and 72±6.7% at 1 and 3 min, respectively. At each time point, the decrease in diameter (A) was significantly larger in the N-Arg-treated group. Pretreatment with norepinephrine reduced the basal diameter by 17±6.7%, from 18.2±1.0 to 14.9±1.0 Mrm (n = 6), which was not different from that induced by N-Arg; similarly, it tended to augment All-induced constriction at 5 s (89±8.2%). However, vasoconstriction waned thereafter, with the decrease in diameter from time 0 becoming 51±6.5 and 27±7.0% at 1 and 3 min, respectively. The decrease in diameter (A) at 1 and 3 min was significantly larger in the N-Arg-treated than in the norepinephrine-treated group. 5. Kidney homogenate. In the time controls (n = 5), the decrease in diameter (A) with the first, second, and third application was 12.2±3.8, 6.4±2.5, and 2.8±0.7 um, respectively, demonstrating progression of tachyphylaxis (Fig. 7) . In the experimental group (n = 6), when the arteriole was washed with plain medium 1 99-5%BSA, the vasoconstriction induced by the second application was markedly attenuated as in the time controls. However, when the same arteriole was washed with kidney homogenate, the decrease induced by the third application was significantly larger than that induced by the second application (6.3±1.3 vs. 2.5±0.8 Mlm; P < 0.05). The decrease in diameter induced by the third application was significantly greater in arterioles washed with kidney homogenate than in those washed with plain medium I99-5%BSA (P < 0.05). Even after washing with kidney homogenate, however, All-induced constriction disappeared within 1 min (A) (0.8±0.8 Mm). 6. Kidney homogenate combined with inhibition ofEDRF synthesis. Although AII-induced vasoconstriction became more persistent in the N-Arg-treated group, repeated applications of All caused weaker and weaker constriction in the control group (Fig. 8) ; the decreases (A) induced by the first, second, and third application were 11.8±1.4, 5.4±1.0, and 20 . Note that All-induced constriction was augmented and became persistent after pretreatment with N-Arg, whereas it still waned even after pretreatment with norepinephrine (l0-7 M) despite the similar reduction in basal diameter. *, ** = P < 0.05 and 0.0001, respectively, compared with the nontreated group; +, ++ = P < 0.05 and 0.002, respectively, compared with the NE-treated group. 4 .1±0.7 Jim, respectively. In the experimental group, when the arteriole was washed with plain medium 1 99-5%BSA, the constriction induced by the second application was significantly attenuated as in the controls. However, when the same arteriole was washed with kidney homogenate, the third application caused a significantly greater response than the second application (9.2±1.5 vs. 7.0±1.4 ,gm; P < 0.05). The decrease induced by the third application was significantly larger in arterioles washed with kidney homogenate than in those washed with plain medium 199-5%BSA (P < 0.02).
Discussion
Our observations clearly demonstrate that N-Arg, a compound that inhibits nitric oxide (an EDRF), decreases the luminal Alapplication Figure 7 . ._ -12-1C.
x, - diameter of the microperfused rabbit afferent arteriole and augments the vasoconstrictive action of All. Thus, this study provides evidence that the afferent arteriole, a small resistance vessel (-20 ttm in diameter), produces EDRF which in turn plays an important role in the control of vascular tone where it is produced. It has been shown consistently that All constricts the afferent arteriole in situ in preparations of rat juxtamedullary nephrons (6) and split hydronephrotic kidneys (7). In contrast, using an isolated rabbit afferent arteriole with the proximal end cannulated and the distal segment (close to the glomerulus) occluded, Edwards (20) reported that increasing doses of All (10-12_l0-6 M) had no effect on luminal diameter. However, when a similar technique was applied to the rat, All caused a dose-dependent decrease in the afferent arteriolar luminal diameter (8) , suggesting that species differences may be involved. In this study, we observed clear vasoconstriction when All was first applied. However, this constriction was localized mainly (though not totally) to the distal segment close to the glomerulus, which may be why Edwards did not observe such a response. It may also be that since All induces strong tachyphylaxis, testing the effect with increasing doses did not reveal a proper dose-response relationship.
In contrast to the constriction ofthe entire afferent arteriole induced by norepinephrine, All-induced constriction was strongest in the segment close to the glomerulus for reasons that are not clear. Segmental constriction by All has also been observed in the isolated rat afferent arteriole (8) as well as in vivo (21) . In rat juxtamedullary nephrons perfused in vitro, however, the decrease in diameter was rather uniform along the afferent arteriole (6) . The reason for this discrepancy is not clear, but may be related to the dose employed, the nephron population studied (superficial versus juxtamedullary afferent arteriole) and/or the preparation employed (in situ versus ex situ).
The most striking observation of this study is that pretreatment with N-Arg not only reduced basal diameter but also rendered All-induced vasoconstriction persistent. In addition, it augmented the vasoconstrictive action of All at 5 s. Since N-Arg reduced basal diameter, its effect on AII-induced constriction could be due to the increased basal tone of the arterioles. It has been reported that pretreatment with norepinephrine, serotonin, or high potassium (20-30 mM) enhanced Allinduced constriction and prevented tachyphylaxis in other vascular beds (22) , suggesting that basal tone is an important determinant of the vascular response. In this study, pretreatment with norepinephrine, which decreased basal diameter to the same extent as N-Arg, augmented All-induced constriction. However, even after pretreatment with norepinephrine, AII-induced vasoconstriction still waned, showing a significantly different time course from the N-Arg-treated group. Therefore, sustained arteriolar constriction by AII after N-Arg pretreatment may not be attributable solely to the increased basal tone of the arteriole, but rather to inhibition of EDRF synthesis.
It has recently been reported that intravenous administration ofNw-monomethyl-L-arginine (L-NMMA), another compound that competitively inhibits synthesis of nitric oxide (an EDRF), increased systemic as well as renal vascular resistance (23) (24) (25) . However, these in vivo studies cannot exclude the possibility that the observed changes in hemodynamics were merely secondary. For instance, since EDRF inhibits renin release (26), blocking its synthesis would increase renin release, which in turn would increase systemic vascular resistance through increased formation of All. In our preparation, on the other hand, there are no such systemic hemodynamic or hormonal influences. Therefore, it may be reasonable to attribute the 18% decrease in basal diameter to inhibition oflocal synthesis of EDRF in the afferent arteriole. Thus, our results strongly suggest that the afferent arteriole produces EDRF which in turn may act locally to influence vascular tone.
Kon et al. (27) recently reported that when either acetylcholine or histamine, an EDRF-dependent vasodilator, was infused into the proximal portion of the main renal artery, renal blood flow and glomerular filtration rate increased, whereas infusion into the distal portion had either the opposite effect or no effect. They also showed that intravenous infusion ofacetylcholine, which normally increases renal blood flow and glomerular filtration rate, caused no effect or a decrease when the main renal artery was denuded. These observations may indicate that the renal vasculature downstream from the main renal artery produces little EDRF in response to acetylcholine or histamine. In contrast, our results suggest that renal microvessels produce EDRF and that this EDRF is an important determinant ofboth the basal tone ofthe afferent arteriole and the vascular response to All. In addition, Edwards (28) also observed that acetylcholine dilated afferent arterioles which were isolated and preconstricted by norepinephrine.
Although N-Arg augmented the vasoconstrictor action of All and rendered it persistent, repeated applications of All caused a weaker and weaker response (tachyphylaxis). It has been shown that All induces tachyphylaxis in vascular strips even after functional removal of the endothelium (12, 13 In order to test whether the transient constriction and tachyphylaxis induced by All are unique to the rabbit, we also microperfused rat afferent arterioles using the same method. We found that the constriction induced by l-7 M All did wane and tachyphylaxis developed as well, although it took longer to wane (2-3 min) and the degree of tachyphylaxis was less than in the rabbit arterioles (unpublished observation). This is in contrast to the observation of Yuan et al. (8) , who reported that the action ofAll persisted for at least 3 min in rat arterioles with the proximal end cannulated and the distal end occluded. This discrepancy may be related to the fact that there is flow through the arteriole in our preparation but none in Yuan's. Since the shear stress associated with flow may be a physiological stimulus of EDRF synthesis and release (29, 30) , the action of All may be different between the two preparations.
This study supports EDRF as a local regulator of afferent arteriolar resistance. The afferent arteriole is not only a small resistance vessel but also a site of both myogenic response (31, 32) and tubuloglomerular feedback (16, 32) , two intrinsic mechanisms of renal autoregulation. In addition, it releases renin, which cleaves angiotensin I from angiotensinogen, the first step in activation of the renin-angiotensin system. Thus, local production of EDRF in the afferent arteriole may play an important role in the regulation ofrenal hemodynamics as well as systemic circulation, either directly by affecting afferent arteriolar tone or indirectly by inhibiting renin release (26) . It is well known that when renal perfusion pressure is increased above the autoregulatory range, renal vascular resistance increases, so that renal blood flow and glomerular filtration rate remain constant. Such constriction of the renal vasculature (which is probably strongest in the afferent arteriole), combined with the same rate of flow, may increase shear stress on the endothelium, resulting in enhanced production (and release) of EDRF which in turn may participate in fine tuning of renal vascular resistance. Indeed, a preliminary report by Salom et al. (33) has shown that inhibition of EDRF synthesis by L-NMMA significantly decreased renal blood flow and glomerular filtration rate when renal perfusion pressure was kept high (155 mmHg) but not lower ( 10 mmHg), suggesting that EDRF is an important regulator of renal function at high perfusion pressures. It is conceivable that a major site of action as well as production ofthe EDRF responsible for such changes is the afferent arteriole. Along the same lines, it may be that increased local production of EDRF in the afferent arteriole mediates or modulates inhibition of renin release induced by high renal perfusion pressures. However, further experiments are necessary in order to clarify the role ofEDRF in renal autoregulation (the myogenic response and the tubuloglomerular feedback mechanism) as well as in pressure-or baroreceptor-mediated renin release.
In conclusion, we have shown that All constricts the rabbit afferent arteriole primarily in the segment close to the glomerulus. However, the constriction is only transient, and tachyphylaxis develops rapidly. We present evidence that the transient action may be due to EDRF synthesis, while the tachyphylaxis may be the result of long lasting receptor occupancy by All. Our results strongly suggest that locally produced EDRF may be an important regulator of vascular tone in the afferent arteriole, a small resistance vessel.
